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CRITICAL SPEEDS AND PROFILE DRAG OF THE INBOARD SECTIOWS

CI A CONVEKTIONAL PROPELLER

By Arvo A. Luoma

SUMUARY

Tts soction critical spoods and profile Arags of tho
shanlz and hudb nectione of a 10-foot Z-inch diamoter propoller
(Pitteburgh Screw and Bolt drawing n0. 614 Co 15) used on
a current liguid-cooled-engine pursuit type of airplanc wore
detormined from tests mado in tho 8-foot high-speed wind
tunnel,

A full-scalec wooden propeller blade was made with
the twist of the blade removed so that all sections oper-
ated approxiratoly from a common zero-lift position, and
then was mountod vartically in the wind tunnel, steel end
supports boing used on both ends of the wooden bdlade to
incraase the strength and rigidlity of the set-up.

Soction oritical svoecds woro obtained from maximum
nezative pressuro moasurements., Tho proflle drags at five
sactions woro obtained by static- and total-prossurc surveys
of the wakos of thoso roctions and tho ueo of Jones' egquations
molifiod to inecluds compressivility effocts., Soction normal-
fcitco coofflicients wera dotorminod for two blade soctions
from completo prossuro-distribution measuromonts.

']

Sorious mdvorere compressivility effectz can be ex~
pocted on the shank end hub sectlons at speeds of the
order of 400 miles per hour with subsequent detrimental
effects on prepulsive efficiency. Suitadle fairings to
dolay the formation of the compressibility skock on these
sections are deairatle.

INTRODUCTION

Until recently adverse coumpressibility effects on
propeller drag were givea consideration only for tip sec~
tions operating at high tip cpeeds. Cylinder drag tests
(reference 1) and other unpublished cylinder drag data
indicate that at spesds of 325 miles per hour and higher
the oompressibllity effects on the shank and hub sections
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of conventional propellers assume esufficlient iImporternce

to justify efforts to improve these sections aerodrnemi-

cally. Increasing attention shouvld be especlally focused
on tre shank and hab esections of propellers used on pur-

suit end interceptor eireraft, particularly those having

l1iquid-cooled ongines and thian nose forms beceuse of the

larze amount of the thic: and nearly cylindrical sections
cf the propeller taat may be exposed.

Irom data obtained in teats made in the propeller-
resecrch tunnel, whare becsuse of the low speeds (110 mph)
compressibility effects on the shank end the hub sections
can be nzglected, improvement in propuvlsive efficiency of
about 4 perceat waa obtained by the use of shank falrings
on a conventional propeller. &t cpoeds where compressi-
bility effects are pronounced such incrsases in propulsive
effliciency can be exnmected to be more maried.

The purpose of the present investigation was, pri-
narily, to determine the critical speods and tho profile-
édrag coefficients of the shank and hud sections of a pro-
peller (Pittsburgh Serew and Bolt drawing no. 614 Cc 15)
used on a current liquid-cooled-engine pursuit airplane.

APPARATUS AND KETHODS

The tests were made in the 8-foot high-speed wind
tunnel, which is & single-return, circular-section,
closed-throat tunnel having an air sveed continuously con-
trollable from about 75 miles pe> hour to more tham 500
miles per hour.

4 full-scale model of a propeller blade (Pittsburgh
Screw and Polt drawing co. 614 Cc 15) of modified Clark
Y section as used on a current ligquid-cooled-engine pur-
guit type of airnlane was used in the tests. This model
was constructed of wood and inoluded the etations from the
hud (12-inch station) to the 48-inch station. (See fig.
1.) Station nunbers are the distances in inches from the
certer line of the crankshaft to ths airfoll seciion. The
thin sections beyond the 48-inch station were not included
because the low strength of the wcoden mocdel required a
special mothod fox supporting the blade in the wind tunnel,

The twist of the blade was removed so that the sec~
tions operated approximatsly from a common zero-1irft




position. The angles of zcro 1ift for the various sec=
tions werec calculated by the mothod given in the appendix
of referzuce 2 and checkel by Munk's method for determin-
ins zero-1ift angls (reference %), Table I gives the re-
lationshlp Petwoen o the angic of attack. and « the

n
absolute zngle of atteck (tmsed on calculated zero-1ift
position).
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A t2%el oi B3 static--pressure orifices were located
at five sections of the mudel, eo that complete pressure- 2
- disvribution measurements vers obtaired at the 18~ and ’
30-inch statieons and pealt vegatlve nrossures at the 12-, |
Z4~, &nd GEé-inch stations., Tue model was mounted verti- ‘
. cally in tho wind tunnel (rig. 2) and steel end supports
w3ro usad to preveunt excessive dofloctlon of the wooden

blade. Trovision was malo for changing the absolute an=- ‘
gle of attack from -1° o 1289,

Static~presgsuro mensurensnis wore made at velacities
from 140 mile: per hour 'to 3350 miles par hour and the ab-
W solute angle of atsack was varied from -1° to 129, Simule-
8 tanoous observations of %*he preesures acting at the ori-

flcos wore obtnined by vhotograrhing a multiple-tube manom-
eter in wkich tetralromocthano (spacific gravity approxzi-.
nntely 3) was vsed,

T™he profile dregs at five sections were obtained by
: the mosecutua methnd and the use of Jones'! equatioans (ref-

srence 4) modified to inciude coavressibility effects.

Sevoral englis of attacl: were included and velocities fronm

140 miles por hour %o 360 milous por hour were covered.

Siuuitaneous otservations of the totsl-head arnd static 1
pressure distribution behind the propeller seactions were

1

nade by photographing a multiple-tube integrating manonmeter |
in which alcchkol wvas used,

e

PREICISION

The critical speeds 5f tho vropeller sections wero
deterninred from static prossuro uemsurements, and it is

estimated that the critical Fach numbors are accurato to
vithin £0.02,

The accuracy of the profile drags for the 24-inch
station (0.241 thickness ratio) and the thinner soctions
can be considercd equal to that usually obtainod by the
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zaomentun method. For tho 1l2-inch station (0.977 thickaess
ratio) ernd the 18-irch station (0.451 thickness Tatio) the
possibla error in drag is prolLably greater because the
biuffness and the turbulsnt nature of the flow in the wake
of these sectlions undoubtedly kave some effect on the re-
s1lts.

In the derivatior of Jones'! eguations for drag deter-
aiznation by the momsantum method, the flow of air bshind a
body 1s eassuusd to be nsgligibly incliaed to its original
direction, but, if the body is bluff and the total- and
static-pressure tubes ars loceted close behind the body,
a sourcs of orrors nay bo introduced sincs in this case the
assunption of nagligible inclination of ths flow at the
nsaeuring plare mey no longer be vzlid. ©On the other
aand, with a bodr of varyinz thickness ratio like the pro-
peller blade tssitecd, thcre is probably sufficient mixing
and cross flow of the air behind the blade to defeat ef-
forts to meastre tho profils drag of a particular section
by locating the pressure tubes any great distanco aft of
this section. In view of thece facts, tkhe total~ and
static-prsssure rurveys were made at distances behind the
treiling edgss of the sBsctiones as follows: 1,6 chord
langths behind the 12-iach atation, 0.9 chord length be-
hind the 18-inch etation, 1.5 chord lengths behind the
24~inch station, anéd 1.3 chord locgths behind the 30-inch
and 3S-inch stations,

Systemetic errors due to bucyancy and constriction
effscts wsre negiigible.
RESULTS AdD DISCUSSION
Tre symbole used in tkis rsport are defined as fol-
lows:
a angle of attack

g angle of attack, absolute (neasured from calcu-
lated zsro-1lift position)
ca section proflle-~dreg coefficieat

¢p s8scctior nornal-force coefficient

c scction 1ift coofficiont

v veloclty
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static premsure

¢ mass density

a spsod of sound

q dynamic pressure (1/2 PoVe®)

P pressuro ccofficiont p;po

M Mach numbor (Vo/a) ¢

h mnoaximum thicknoss of alrfoll sanction
® chord of noction

M coofficiont of v1%9051§y

R Roynolds numbor !%?23

x distnnco along chord(}rom loading odgo

r radiul distance from axis of rotntlion of propollor
4o a tlade soction

R rndinl distanco fronm axis of rotation of propellor
to tip of propeller

n rovolutions por unit timo of propocllor

v rosultant volocity of propoller blado soction

r

Subacripts:
0 valucs in the unrdisturdbel stroan

cr valuos when the local speed of sound has bsen
rsachsd at somo point on the airfoll soction

The critical lach numbsrs of the shank and hub sections
woere dotorminod from tho intorsection of tho curvas of Pmaz
against N and the P, curve, as chown in figurcs 3
to 7, Whero teosts woro limitold bocauso of lhigh loads,
tho curves of Pp,, agalnst M waere oxtrapolatod through
highor lMach numbor rangos. Tho oxtrapolations aro tolloved
accurato oxcopt possitiy at high 1ift coefficionts whero
soparation offects may Yo oncountored, The consoguent
orrors in dotorairing k,,, howevor, tond to bo small
bocause tho variation of the P,, curve in this Uach
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numbor range 1s such that a given change in. P produces a
rolativoly small chunge in Mgy, (Note P,,. curvo in

figs, 3 to 7, Soe algo oouations (62) and (6b) of rofor-
onco 5,) Tavle II gives cstimatod and orporimontal wvalucs
of M,, ard shows tho good agrecaont between thoory and
oxpcrinont., The estimated values of M., wore obtainnd

by incroasing compuied moximum nagntivo prossuro coef ficlents
for incomprosciblo flow or oxporimentally determined maripum
negativo prossuro coofficionts at low spood by tho factor

1/y1 - 4%, (Soe oguation (7) of reforonco 5,)

The Aatr of figuraos 3 to 7 1llustrato tho variation
of Fp,y with Mach numbor, and it is scon tunt the variation
at low values of Puoy 4iS rogular though somowhat graator
than theoory indicates. PFiguros 4 to 7 rovoal the fact
that at high valuss 0f Pp,. thorn is a tondency for Pp..
to incronso at lov Mach rumbors. The probable roason for
thig is that the ndvorso prossura grailont over the uppsar
surface of a goction becomos sufficiontly bad, owing to
inducol compressibility offocts so that goparation occurs
on thig surface, 4As n consegucneo, there i3 n drop in veak
negative prossuros as tho Mach numbor is increcasod from
ite lowost valuo to somevhat highor values corrospordiing
to tha movomcnt of tho scparation poini to its farthost
forward pcsition. The arratic bohavior of tho pressura
ponks of the 97,7-porcont=thick 12-iuch station ns illua-
tratad in figuro % can probably bo explainod partly by the
foregoing reasoning and partly by tho fnct that thc goction
was oporating noar tho critical Roynnlde nunbdor.

Figuro 38 givoe axprorimsontal and theorotic~l prossuro
distributions at sovorazl 1ift cnofficionts for tho
15.%-parcent-thick 80-irch statiorn, Tho closoness of tho
agrccunont is indicativy of the ascuracy with which My
can ba thooretically calculated,

Tho varintion ¢f M,y wlth randius and thicknoss rntio
is shown in figuros 9 ard 10, tuo varintion with h/d boing
particularly well brought out, Tho curves illustrato tho
fact tant tho ng of tho ncarly cylindriceml hud section
is iniependcnt ol angle of attack ani that the critical
specoda of the sectiong becozo more depondent on anglo of
attack ag tha thicknoss ratio decromso=n. Tho curvos nlso
ghow that at zoro lift coofficiont nAndl nt low 11ft conf-
ficionts shnck occurs first on t:a lo7ecr surfnce of somo of
tho soctions boforo it occurs on the upper surfnco,

<3
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Curves 0f Mgy against aa for the 1O-percent—thick
scction arec shown in figure 11, tho data for theso curves
bsing takon from tho curvee of figure 10, For comparison
purposes Mgy valuos for a 10-percont-thick Clark Y soction
as detormired from soction forco tcst data (referomnce 6)
aro includod, as woll as thooretical valws for 10-percont-
thiclk Clark Y and Clark YM soctions (data from roforencs 5),
48 cen bo seen, the Ddigp values for the propuller section
aro uniformly somowhat lower theon the raference valuos for
those angles of attuck whero comprossibility shock first
appoars on tho upper surfaco of the section., The main
eignificnnce of fizure 11, howover, is that, with this type
of section, mnittcmpta to rcliove tip critical-sncoed diffi..-
cultios Ly dscroasing the ey of the tip sections (wash-
out of tip) mroc limited by the ostablishmont of lower
surface shock for 1ift coefficlienta lors than approxi-
mately 0.2,

Curves of rclative wird velocity V. againgt radius
ratio r/R are.shown in figure 12 for assumod airplane
spoeds of 400 miles per hour for marximum speocd ani 325 miles
por hour for crulsing speecd. A conetant—speed propeller
of 1500 rpm was used in the calculation of the dats for
thnse curves. A4Ales included are tho experimontally
dotormiced critical gpceds of the propeller sections for
n = 4% and a, = 2° for sea-levol conditions. The section
1lift coofficlonts of the 12-, 18-, and 30-inch stations
are indlicatod on thaose critical-specd curves. On the curve
nt gq = 2° for r/R valuos outboard of 0.46, shock occurs
first on tho lowor surface. The additional curvas 'shown
aro theoretical critical-speod curves for soa-lovol
conaitions, and were dotermined: (1) from thoorotical
prossurg distributions made for four soctions of theo pro-
rollor at 1ift coefficionts of 0.4 and 0.2, and (2) from
ths data.of roference 5 for a Clark Y section which hai
tho samo thicknees ratio as tho propollor scctlons tcor ooual
valuecs of r/R. From figurs 12 it is ovident that for tho
assumed maximum spocd at soca-lovol conditions pronounced
compresgibility effccts chould be expected., At altitude
those advorsc offects are worso, that is, tho critical speedis
of the scetions are lower, It is not to b2 inferred, howevor,
that tho goneral problem ia as serious as indicated here,
This particular airplenoc-engine-propeller combination as
originally built sufforedt catorially because of improper
goar ratio, Provision of a lower speed gear can holp
matorially and studies have indicated that cloarance fronm
advcorse comprossibility effects may be possiblo at rpoods
npproaching 400 milee per hour. Boyond this spced material
incroases in solidity will likely be roquiroed,

oy
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The shank fairings used in the propeller-research-tunnel tests,
which resulted in an irorease of propulsive efficiency of l percent
at low spoed, wsre of LO-percent thickress ratio at ths 12-inch
station, A 25-percent thick fairing section at the 12-inch station
could be expected to account for even greater increascs in prorulsive
efficiensy, particnlarly at higher specds.

Section normal-force coefficients determined from complete
pressure-distributicn datc for the 18-inch station (0,451 thickness
ratio) and the 2G-inch statior (0.153 thickness ratio) are 1llustrated
by figures 13 and 4. Tho wuriation of ths slope of the o curve
of the 18-inch station with Mach aumber is entiroly unlike the
theoretical varietion whereby the slope increases with Mach number
for spoeds up to the oritical speeds Owing to the thickness of this
section, markcd senaration effects aro induced as M 1is increased,
affecting thercby the forces acting on the seotion. In figure 1l the
data for tho 30-inch station indisatc some inoreaso in slcoe with
Y¥ach number. The cn values for tho lowest Mach number are somewhat
erratic, as aro also the values at ag = 10° and a, = 12°% From
an oxamination of the prossure-distritution plots, the high o,
valuo for ay, = 0° and ¥ = 0,185 is scen to be due to tho influence
of tho pressures on the lcwer surface of this section. Those
pressures are sufficiently more positive at the lowest Mach number to
counterbalance the inzlination of o, to inorease, owing to induced
compressibllity effects at higher Each mumbers, At high anglos there
is a tendunsy for the pressures on the upper surface aft of the
0.65 chord station to become more regutive at low Mach numbers, so
that as a consequence the cp valuec tond to be higher at low
Yach numbers.

The profile drag of the shank and hub sections was determined
from total- and static-prossure surveys of the wakes of the soctions,
due account oeing taken of compressibility effoots in the computing
equations usede Figures 15 and 16 give the profile drng of the
97.:T=-percent thick 12-inch station. For comparison, the drag of a
L-inch diameter cylinder as obtained from unpuhlished tests made
in the 8-foot high-speed tunnel is included. From figures 15 and 16
and the nressure cwrves of figure 7, it is evident that tho 12-inch
station soction was operating near the eritical Reynolds number
region whero the flow, as a result of the building up of turbulence
in the bounuery laysr, changes from laminar scparation shuvad of the
central plane to turbulent separation aft of the ceutral plane. This
change in flow har an aprreciable offeot on tho pressure distribution
about the section (particularly the maximum rogative pressures nnd
the pressuros cft of the pvosition of the maximun negative pressures)
and the profile drag of the seotion.
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A probeble explanation for the bdehavior of the pro-
file drag of the 45.l-percent thick 1l8-inch station shown
in figure 17 for several angles of attack is as follows:
At iho lowest Reynolde number {€20,000) the flow was lanm-
inar witl leminar seperation somewhere aft of the maximum
thickness; with increepsing Reynolds number the point of
separation roved forward with a resulting Incresse in
wake width aad hence & largor drag; and, with further in-
crease in Peynoldes number, trensition from lamianar bound-
ary layer to turdbulent bourdary layor took place ahead of 2
the separation point, with.a resuiting turbulent separa-
tion farther aft on the chord than when the separation
vas laminar, and as a consequence a smaller wake width and
a decrease ia drag resuvlted. Hence, with increase in
Reynolds number, the initial incramse in drag and then the
decresese occurs,

L3589

Figure 13 gives the profile drag of the 24.l-vercent 1
thick 24-inch stetion for several angles of attack. At bl
Qg = 0° separation effects zirilar to those obtained for
the thicker 18-inch station appear. Ia this instence the
disturvances eare probably conrected with the lower surface
f only. At hizh angles of attack tho marked rise in drag is
probabl" due to separation effects induced bJ compressibil-
ity

The profile drags of tho 30-inch and 36-inch statiors
are shown in figures 19 and 20 for several different angles
of attack, The gsnoral similarity to section data is to
be noted, and the order of magnitude is about the same as
section data for these Roynolds numdbers.

COFCLUSIONS

The results indicate that serious mdverse compressi-~
bility effects can be oxpected at speeds of the orde>» of
400 miles per hour,

It is evidant that suiteble falrings for the shank
and hub sections are a necessity fcr maximum propulsive
efficiency.
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Good agreement in critical spesd between besic sec-
tioa deta a2nd tlhe values obteined from the sections as
usad 1n a propeiler can be expected for the inboard sta-
tions.

Langiey Memerial Aeronautical Laboratory,
Fational acdvisory Committee for Aeronsutics,
Langley Fleld, Va.
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L& I.- TEE AFGLE CF ATTACX o OF THE VARIOUS SECTIONS

Section
(in.)

12
18
24
30
28

"42
48

CORRZSPOHDING TO THE ANGLE a,

g
(deg)

. (leg)

]

]
. t
3-13.l 24-in. ! 30~in, 42-1in, {48~-1in.

-5.0 ~4.6 -4,2

-2.2

|
]
]
1
|
{

=)

-~

-4.0 ~3.6 ~3.2

.8 -2.,0 ~1l.6 -1.2
2.8 0 o4 .8
4.8 2.4 2.8

6.8 4.4 4,8

8.8 6,4 6.8

10.8 8.8
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Figs. 1,3
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Figs. 4,5
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Figs. 10,11
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Figure 10.- Experimental critical Mach numbers
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